Environmental DNA (eDNA) analysis has gained traction as a precise and cost effective method 15 for species and waterways management. To date, publications on eDNA protocol optimization have 16 focused primarily on DNA yield. Therefore, it has not been possible to evaluate the cost and speed of 17 specific components of the eDNA protocol, such as water filtration and DNA extraction method when 18 designing or choosing an eDNA pipeline. At the same time, these two parameters are essential for the 19 experimental design of a project. Here we evaluate and rank different eDNA protocols in the context of 20 Chinook salmon (Oncorhynchus tshawytscha) eDNA detection in an aquatic environment, the San 21 Francisco Estuary. We present a comprehensive evaluation of multiple eDNA protocol parameters, 22 balancing time, cost and DNA yield. For estuarine waters, which are challenging for eDNA studies due to 2 23 high turbidity, variable salinity, and the presence of PCR inhibitors, we find that a protocol combining glass 24 filters and magnetic beads, along with an extra step for PCR inhibitor removal, is the method that best 25 balances time, cost, and yield. In addition, we provide a generalized decision tree for determining the 26 optimal eDNA protocol for other studies on aquatic systems. Our findings should be applicable to most 27 aquatic environments and provide a clear guide for determining which eDNA pipeline should be used for 28 a given environmental condition.
PCR inhibitors
PCR inhibitors are a group of substances that can inhibit PCR amplification. Their inhibiting 74 mechanism varies between affecting the template DNA, the polymerase or other reagents necessary for 75 the reaction. PCR inhibitors can be catalytic (e.g. proteases degrading proteins and phenol degrading 76 DNA) or work through competitive binding (e.g. melanin forming a complex with the polymerase and humic 77 acid interacting with the DNA template) [6] . Humic matter and proteases are typical PCR inhibitors present 78 in high concentrations in turbid waters and other environmental samples [6, 7] . 79 80 Estuarine waters and fish detection 81 In this study we optimize eDNA biomonitoring for estuarine waters, as this habitat is essential for 82 the early developmental stages of several anadromous species, including our target species, Chinook 83 salmon (Oncorhynchus tshawytscha). The estuarine environment provides a challenge for eDNA 84 biomonitoring as the elevated density of solid particles, measured by turbidity levels, can bind to the DNA 85 and clog the pores of the filters, limiting the volume of water that might be filtered. Also, estuaries have 86 been shown to have elevated levels of PCR inhibitors [8, 9] . Therefore, we assume that if our DNA 87 amplification-based experiments work in these complex conditions, the same approach could also be 88 applied to less turbid freshwater and marine conditions. 89 90 Chinook Salmon as a target 91 We targeted Chinook Salmon in our experiments for a variety of reasons. First, as a widespread 92 species in the North American Pacific Northwest, it has invaluable importance for the stability of the marine 93 ecosystem of the region [10] and at the same time, provides a critical source of income for historic fishing 94 communities [11, 12] Fig 1A) .
141 Similarly, the yield ranking for extraction methods is not affected by filter choice. (Fig 1B) . Only the NaOH 142 method breaks the independence rule for the nitrocellulose filter. In this case, target DNA could not be 143 amplified from NaOH extractions without secondary inhibitor removal, resulting in an upwards skewed 144 average of the DNA yield as the samples without secondary inhibitor removal were not taken into account. Next, we compared DNA yields from three different filters. The nitrocellulose filter outperformed 163 the glass fiber filter in terms of DNA yield by 1.6 times and the Whatman n°1 filter by 3.75 times on average 164 ( Fig 2) . In other words, 1.6L and 3.75L of water would need to be filtered through a glass fiber filter or 165 Whatman n°1 filter respectively to isolate the same amount of DNA as filtering 1L of water through a 166 nitrocellulose filter. However, the glass filter outperforms the nitrocellulose and Whatman filters in terms 167 of filtration time, with the glass filter not only being drastically faster but also more consistent and resilient 168 to variations in turbidity (Fig 3) . Therefore, we can conclude that for the context of estuarine waters, the 169 glass filter is optimal in terms of DNA yield, speed, and cost. 186 times, direct to qPCR dipsticks by 9.71 times and regular dipsticks by 358 times (Fig 4) . At the same time, 187 the Qiagen kit is by a considerable margin the most time-consuming method, requiring 77 minutes to 188 process 18 samples. In contrast, the direct to qPCR dipstick approach was the fastest and most cost-189 efficient method by a wide margin. Currently, the major bottleneck of our experiments is the time required 190 to process the samples. Yet, subsequent tests have shown that the use direct dipstick extraction drastically 191 lower the probability of amplification in cases where the species of interest is rare. Therefore, we consider 192 the magnetic beads to be the optimal method for estuarine waters.
193 We estimated our costs for the most-used DNA extraction kits. Alternative kits might be used in order to 194 reduce costs. As an example, Ampure XP is 100 times more expensive than making a magnetic beads 195 solution in-house [21] , though this cost reduction is at the expense of lower reproducibility and therefore 196 not optimal for certain projects. Buying in bulk is also other alternative to reduce costs, though that might 197 be limited to initial funding of the project. The extraction method was shown to be the most influential factor for the eDNA yield from the 209 random forest aggressor analysis ( Fig 5) . Therefore, further optimization experiments should focus on this 210 step, experimenting with different protocols to extract the eDNA in order to maximize protocol eDNA yield. 250 Therefore, NaOH extraction, even if it has an elevated eDNA yield, doesn't properly address the high 251 levels of PCR inhibitors commonly encountered in environmental samples.
253
In most cases, using a glass fiber filter and magnetic beads would be the most practical method 254 to generate the maximum amount of information obtained about fish distribution given the constraints of 255 our study. Our experiment suggests that DNA extraction from the filters is the most time-consuming step 256 and most variable in terms of efficiency; therefore, this is the step which should be decided with utmost 257 care in order to maintain the high-throughput and useful detection limit of the desired methodology. For 258 this reason, magnetic beads DNA extraction in a promising alternative to silica column extraction, as this 259 method strikes the balance between yield, amplification probability, carryover PCR inhibitors and time to 260 process samples. Meanwhile the cost of using magnetic beads can be mitigated by developing the 261 necessary reagents in-house. Though in specific cases different pipelines might yield better results. For 262 those scenarios, we constructed a simple decision tree for choosing the best methodology various 263 possible study for each scenario (Fig 7) . We also ranked the pipelines, sorting them by DNA yield, which 264 should be the main parameter for the pipeline selection. Then, once established which pipelines have a 265 DNA yield that fits the project, balancing time and cost of the pipelines (Fig 8) . 410 https://github.com/sanchestm/eDNA-Protocol-Optimization. We measured interference between filter 411 type and extraction method using two competing models, one that includes the interference effect and 412 one that does not. Using ADVI inference we fitted the data to the models [15] . From the ADVI fitting for 413 the best model we estimated the distribution of filter eDNA yield percentage (Fig 2) , extraction eDNA yield 414 percentage (Fig 4) and PCR inhibitor carryover for filtration and extraction ( Fig 6) . To estimate which step 415 of an eDNA experiment has the most variance between methods, and therefore can lead to the most 416 significant gains when optimized, we trained a random forest regressor [19] with the collected data and 417 estimated importance of each step of the experiment. 
